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INTRODUCTION
This paper presents a case study in ergonomic assessment of hypermedia-based teaching materials with improved methodology.
The use of computer-supported educational technologies is widespread but requires valid and reliable quality measures. By providing feedback, these quality indicators help teachers in evaluating and comparing different titles, and software developers in improving their work.
The experience gained in relation to this hypermedia-based CD can be transferred to webbased applications. This is possible because of the nature of hypermedia in general; however, this particular CD was developed directly to integrate it with a supporting website (see Hercegfi [1] ).
While some systems that test software ergonomics collect various performance measures, very few attempt to measure cognitive effort. The basic advantage of the methodology used in this case study lies in its ability to record continuous online data characterizing the userʼs current mental effort derived from heart rate variability (HRV) at the same time as other characteristics of human-computer interaction (HCI). In this way a very detailed picture can be obtained; it is a reliable basis for deeper understanding and interpretation of mechanisms underlying HCI. Elementary steps of HCI, like usersʼ different mental actions followed by series of keystrokes and mouse-clicks, are the basic and usually critical components of information technology (IT) systems. Measuring mental effort as laid down in international standards on evaluation software [2] is a key aspect of empirical methods. Hence, we need methods that are valid and reliable in monitoring usersʼ mental effort during these elementary steps, which would help identify the weak points in software interface.
To attain this goal, Izsó and his team developed a complex methodology called INTERFACE (INTegrated Evaluation and Research Facilities for Assessing Computer-usersʼ Efficiency). Another paper in this issue of JOSE outlines it, especially the HRV channel, and presents validation results [3] .
The series of experiments presented in this paper come from the quality assessment of a multimedia learning system "Basics of Information Technology" (in Hungarian) 1 . This author led the team that developed the software; therefore, he was thoroughly familiar with the concepts, the design elements and the expected HCI. After the original project, the scientific analysis of the HCI was continued. At the same time, INTERFACE was further developed. This is the first time the new marking, export, and statistical features of improved INTERFACE are applied. They make quantitative analysis of the HRV curves possible, better than earlier timebased statistics and qualitative methods.
METHODS

Participants
Twenty-four students 2 from two vocational secondary schools participated in the study. They had lessons relevant to the subjects they were studying, in which multimedia materials were used. The students were informed that certain data on them were going to be recorded and were asked to allow placing electrocardiogram (ECG) electrodes on their chest for recording HRV data with the data-collecting module of INTERFACE [3] . The 21 participants of the main series of experiments were 14-16 years old. Thirteen of them studied at a vocational secondary school of economics, 8 studied at a technical vocational school; there were 14 girls and 7 boys. This combination of age and type of school was selected because these materials, in spite of their technical aspects, had been designed for a subject called IT, which is taught at this age in all types of schools.
Schedule of Sessions
Each session had the following schedule:
1. Collecting data about the current user: (a) filling in a questionnaire with demographic data, academic records, data about the familiarity with the computer and the Internet, etc.; (b) Myers-Briggs type indicator (MBTI) to identify the userʼs cognitive style. (The psychologists of our department developed the local adaptation of this test.) 2. 2-3-min relaxation followed by a 2-3-min period of mental arithmetic for "calibrating" curves depending on the heart rate variance [3] . 3. Free browsing of selected materials for 5 min to become familiar with the style and the controls of the CD. 4. Actual learning task: finding and learning two short subchapters in 10 min followed by taking a 2-min knowledge-acquisition test. This part of the session aimed at having students use the materials in a typical way. 5. Searching task: finding short answers to 11 questions (20-25 min). This was the most important part of the session. The sequence of the questions was to lead the users to situations with various possible usability problems. 6. Interview supported by playback (5 min). 1 The system was developed within the framework of the Leonardo da Vinci Project "Developing and introducing multimedia teaching materials for vocational education" supported by the European Community (contract HU/97/43022/PI/I.1.1.a/FPI).
2 Three students participated in a pilot study with the same scenario as the one in the more thorough experiments in which the other 21 subjects participated, too.
This method of analysis allowed us to decide what types of problems were significant for the users, and what types of problems set back the users only slightly. On the other hand, data of 68 independent variables during the first step of this session schedule, and further dozens of variables applicable as independent variables (e.g., the usersʼ behavioural characteristics) derived from the following steps, helped us make a profound analysis of the individual differences in HCI. The high number of independent variables allows us to decide to what extent the problems and their assessed severity concerned all users in general, or how these things depended on the usersʼ type and characteristics.
INTERFACE Method
After the first step, during all the subsequent ones, the data were recorded with INTERFACE [3] . The system simultaneously investigated the following:
· observable actions and behaviour
• keystroke and mouse events, • current screen content, • posture, gestures, and facial expression; · power spectrum of HRV, i.e., an objective measure of current mental effort.
Although in the literature the term HRV is more frequent, we prefer heart period variability (HPV), where the periods of time between the heart beats are simply the reciprocal values of the heart rate: in practice, the periods of heart beats (the intervals between the consecutive R peaks of the ECG, i.e., RR intervals) can be analyzed more directly, and they can be more expressive. Several studies have shown that an increase in mental effort causes a decrease in the midfrequency (MF, 0.07-0.15 Hz) power band of the HPV power spectrum [4, 5, 6, 7, 8, 9, 10, 11] .
To assess the spectral components of HPV power spectra, Láng and her team developed and successfully used an integrated system for ambulatory cardiorespiratory data acquisition and spectral analysis ISAX [8] . We integrated ISAX into INTERFACE.
The main advantage of the assessment method of the spectral components integrated into our system over previous HPV-based methods [7] is the calculation of the MF spectral profile curve: the MF power of the HPV power spectrum as a quasi-continuous function of time that can indicate changes in mental effort within several seconds as opposed to earlier methods with a resolution of tens of seconds at best.
To analyze only a segment of the time series of the RR intervals, windowing functions are required: in this way, the selected segment (frame) is characterized with the calculated MF power of HPV. When this is done, the frame is shifted further and the spectral analysis is repeated, until the frame reaches the end of the time series. This kind of analysis technique embedded in ISAX is applied by scrolling a constant-size frame in small steps 3 . Thus, the MF power of the HPV power spectrum was automatically calculated for each consecutive frame, and the desired profile curve was obtained.
Important features of the analysis technique embedded in ISAX include the use of the Hamming windowing function and of an allpole auto-regressive model (instead of, e.g., a spectrum analysis based on Fourierʼs algorithm) with built-in recursive Akaikeʼs criteria (final prediction error) [12] and a modified Burgʼs algorithm [13] (for the background of this method and its validation see Hercegfi [3] ).
INTERFACE Method in this Series of Experiments
The variables derived from the INTERFACE records contain time data, number of clicks, number of occurrences of special activities (i.e., the number of times the Back button, Help, or other features of the tested software were used), categorization of recorded tracking data in the hypermedia space, and for the first time in this paper, the means of selected parts of the MF profile curve of HPV. Statistical calculations can use the original absolute MF power of HPV values. However, because of the huge, and natural, individual differences in HPV, the relative changes in HPV are more informative: they show the level of mental effort HCI demands personally of the user.
In this series of experiments, the second step, i.e., the calibration tasks (2-3 min of relaxation followed by 2-3 min of mental arithmetic), was to check the quality of the records of heart rate intervals and the operation of the HRV method. Similar experiments can be used to validate this method [3] . On the other hand, the MF power of HPV results of the relaxation and/or the mental arithmetic phases can be considered a baseline for the evaluation of the further parts of the experiments. However, these tasks (especially relaxation) are strange for the participants: they were just wired and watched by strangers. The perfectness of these tasks depends on individual differences. That is why in the current series of experiments, another approach was used to calculate relative variables: the average of the MF power of HPV values recorded during the third step of the session-schedule was a baseline. This task (free browsing) was familiar to the participants. It can be considered a task that requires low mental effort (not as low as relaxation, of course). Over the variables derived from the original MF power of HPV means of selected parts of the profile curve, new relative variables were calculated this way. 
Statistical Analysis
RESULTS
Participants
A thorough empirical study with 21 subjects and 233 related variables is lengthy, so it was not realistic to increase the number of participants. Naturally, a series of experiments with only 21 participants cannot be fully representative, but they were varied enough:
· previous experience: 9 students had computers for their personal use (not only for family use), 12 students did not; the distribution of the levels of previous computer and Internet experience was close to normal; Figure 1 is a typical INTERFACE result screen of a relaxing user. It shows a typical change in HRV between relaxation and great mental effort. Figure 2 shows a simple, yet frequent problem: the images seem to be hot links, which they are not. This problem was left in the software on purpose to measure its severity. Originally we intended to focus on it. It is a very simple problem, so no participants complained about it. However, it objectively resulted in unnecessary workload and a substantial waste of time. This type of a problem can be shown to affect all user types.
Calibration Tasks
Expected Usability Problem
An analysis of the records showed that 71% of the participants clicked on the images first. They found the real hot links (text rather than images) after an average of 5.3 s of wasted of time. The maximum delay was 80.5 s (Figure 3) .
The number of unnecessary clicks and the wasted time caused by this particular usability problem do not correlate with almost any other variables (Spearman r values were calculated). Kruskal-Wallis and Mann-Whitney U tests did not give significant results. This means that this type of problem is a general one; it affects all types of users.
An analysis of the MF power of HPV values showed the same result. This is so because the time from entering the current page to the first successful click on the hot text correlates strongly with the mean of the relative MF power of HPV during this period: Spearman r = -.767 (p = .008). This means that usually longer wasted time caused not only longer, but also greater mental effort. Figure 3 shows the difficulty in finding the scroll bar. The user discovered the scroll bar only after a 7-min trial-and-error period. The origin of the problem was that the first part of the long, scrollable page, in this screen resolution, looked like a complete page: the figure and its caption were at the bottom of the screen, as seen in the upper screenshot of Figure 3 . We did not expect this problem. Its severity depends on the usersʼ type and characteristics. The average wasted time this problem caused was 69 s. However, it is not just the time that is interesting. One third of the users did not have any problem: they clicked on the scroll bar 1-3 s after they had arrived to this page. The other two thirds required 14-253 s. The participant in Figure 3 had no less intellectual capacity or experience with the Internet than the others. Why was this screen a problem for her and the rest of the two thirds of the users, and not for the others? How does the severity of this usability problem depend on the usersʼ type and characteristics?
Unexpected Usability Problem
Mann-Whitney U tests showed what time spent on solving the problem depended on.
· Students of the vocational school of economics wasted significantly more time (for type of school, p = .006). However, in our case, all the economics students were girls and most of the technical students were boys, so this effect cannot be separated from the effect of the gender (for gender, p = .031). · Users who read literature regularly wasted more time (p = .021). · Users who read IT books and/or magazines regularly wasted less time (p = .013).
Calculations of correlations showed that she starts searching she finds graphic card after 7 min, when she arrives at this page for the third time, she gives up she finds solution: she laughs motion (trouble) es she goes back, she search again · students with better grades in mathematics wasted less time (Spearman r = -.441, p = .034); · required time correlated strongly with scores on the thinking-feeling dimension of MBTI (Spearman r = -.533, p = .046). So, thinkingtype users understood the logic of the content and the user interface almost immediately, independently of the confusing screen, whereas users with a feeling-type cognitive style had a problem with the apparent intactness of the layout of the page.
The quantitative analysis of the MF power of HPV gives us fewer results. In the case in section 3.3., the periods were shorter. There, the participants who needed more time to solve the problem usually made increasingly greater mental effort. However, in the current case, during the long periods the participants sometime gave up for a few seconds, they sometimes did redundant or unnecessary steps without great mental effort, etc. So, the correlation calculations and the other tests did not show any connection between wasted time and the mean of the relative MF power of the HPV recorded during the period. Furthermore, the mean of the relative MF power of the HPV during the period correlated with fewer other variables. However, two important correlations were identified, both are in connection with MBTI.
· The relative MF power of the HPV correlated strongly with scores on the thinking-feeling dimension of MBTI (Spearman r = .786, p = .011). This result emphasizes again that thinking-type users understood the logic of the content and the user interface almost immediately, independently of the confusing screen and required less mental effort; but users with the feeling-type cognitive style had a problem with the apparent intactness of the layout of particular page, and it caused more mental effort. · The relative MF power of the HPV correlated strongly with scores on the extraversionintroversion dimension of MBTI (Spearman r = -.874, p = .003). This result means that introvert users were less disturbed by the misleading layout, and required less mental effort.
CONCLUSION
The results presented here and in related papers show that in its present form INTERFACE is capable of identifying software ergonomics problems. This methodology can be used to study events in HCI with detail and objectivity other methods do not make possible. The HPV profile function integrated into INTERFACE is a powerful tool for monitoring events in such a narrow time frame that it can practically be considered a time-continuous recording of relevant elementary events. Beyond the identification of ergonomics problems, in some cases this method of analysis allowed us to decide to what extent the found problems and their assessed severity concerned all the users in general, or how these things depended on the usersʼ type and characteristics.
Even though INTERFACE looks like a quantitative method, its qualitative aspect has to be emphasized. The results in section 3.3. show that sometimes statistical analyses of the relative MF power of HPV give useful results. In other cases, e.g., during longer periods in section 3.4., statistical analyses of HPV provide fewer results than an analysis of simpler time data. The qualitative aspect of the method is more important then: finding mental effort required low parts of the profile curve, understanding the connection between the curves and the events, and recognizing the patterns gave the main results.
